Introduction
Sepsis is characterized by life-threatening organ and tissue damage, which results from a dysregulated host immune response to disseminated infection (1) . The recognition of different microbial components, such as pathogen-associated molecular patterns (PAMPs) and host-derived damage-associated molecular patterns (DAMPs), induces a number of signaling programs, culminating in the activation of transcription factors, such STATs, activator protein 1 (AP-1), and NF-κB, among others (2) . Activation of these pathways results in production of proinflammatory cytokines, including IL-1β, TNF-α, and IL-6. Ultimately, the recognition of abundant PAMPs and DAMPs in sepsis resulting from severe systemic infection leads to cytokine storm, tissue damage, organ dysfunction, and even death (3) (4) (5) .
SOCS1 is a protein that negatively regulates cytokine receptors, TLR signaling, and NF-κB activation. The SOCS1 protein has three functional domains: a kinase inhibitory region (KIR), an SH2 domain, and a SOCS box. The KIR domain functions as a pseudo-substrate that inhibits JAK2-mediated STAT1 and STAT3 activation (6, 7) . The SH2 domain binds directly to the activation loop of JAK2 or apoptosis signal-regulating kinase 1 (ASK1), thereby blocking STAT or MAPK activation, respectively. The SOCS box targets proteins such as JAK2, myeloid differentiation primary-response gene 88 (MyD88) adaptor-like protein (MAL), and ASK1 for degradation by the ubiquitin-proteasome pathway through recruitment of the E3 ubiquitin ligase scaffold Cullin 5 and other components of the E3 ubiquitin ligase complex (6, 8, 9) .
Sepsis can induce an overwhelming systemic inflammatory response, resulting in organ damage and death. Suppressor of cytokine signaling 1 (SOCS1) negatively regulates signaling by cytokine receptors and Toll-like receptors (TLRs). However, the cellular targets and molecular mechanisms for SOCS1 activity during polymicrobial sepsis are unknown. To address this, we utilized a cecal ligation and puncture (CLP) model for sepsis; C57BL/6 mice subjected to CLP were then treated with a peptide (iKIR) that binds the SOCS1 kinase inhibitory region (KIR) and blocks its activity. Treatment with iKIR increased CLP-induced mortality, bacterial burden, and inflammatory cytokine production. Myeloid cell-specific SOCS1 deletion (Socs1 Δmyel ) mice were also more susceptible to sepsis, demonstrating increased mortality, higher bacterial loads, and elevated inflammatory cytokines, compared with Socs1 fl littermate controls. These effects were accompanied by macrophage metabolic reprograming, as evidenced by increased lactic acid production and elevated expression of the glycolytic enzymes hexokinase, lactate dehydrogenase A, and glucose transporter 1 in septic Socs1
Δmyel mice. Upregulation was dependent on the STAT3/HIF-1α/glycolysis axis, and blocking glycolysis ameliorated increased susceptibility to sepsis in iKIR-treated CLP mice. These results reveal a role of SOCS1 as a regulator of metabolic reprograming that prevents overwhelming inflammatory response and organ damage during sepsis.
TLR ligands, such as LPS and CpG, are potent inducers of inflammation, as well as SOCS1 expression (10, 11) . In turn, as noted above, SOCS1 blocks the activity of several signaling components of the TLR/NF-κB pathway, thus providing a mechanism to downregulate potentially harmful inflammation. Mechanistically, SOCS1 may inhibit the NF-κB pathway by binding to the p65 subunit and facilitating its degradation via the ubiquitin-proteasome system (12) or by blocking MAL-dependent p65 phosphorylation (9) . We have further shown that SOCS1 also inhibits expression of MyD88 and prevents TLR-and IL-1 receptor-mediated NF-κB activation (13) . Consistent with these observations, SOCS1-knockout mice show increased production of proinflammatory cytokines, such as TNF-α, IL-12, and IFN-γ, in response to TLR ligands in vitro (14, 15) and in vivo (16, 17) . The precise role of SOCS1 in bacterial sepsis, however, remains undetermined.
Metabolic reprograming is associated with macrophage polarization, during which glycolysis (typically induced by LPS/IFN-γ) is a driver of the proinflammatory phenotype, and oxidative phosphorylation (induced by IL-4/IL-13) triggers macrophage anti-inflammatory and pro-resolution programs (18) (19) (20) (21) . Enhanced glycolysis (Warburg effect) is necessary for eliciting rapid and potent phagocytic and antimicrobial responses (18) , and increased levels of glycolysis have also been associated with production of proinflammatory cytokines in response to TLR ligands. During LPS-induced endotoxic shock, increased glycolysis is observed in peritoneal macrophages, and this is accompanied by elevated levels of another critical component of aerobic glycolysis, pyruvate kinase M2 (PKM2). However, blocking glycolytic flux with a competitive inhibitor of hexokinase (the first enzyme in the glycolytic pathway) decreases IL-1β production, and mice treated with shikonin, an inhibitor of PKM2, show decreases in both glycolysis and IL-1β production, which protects against lethal endotoxic shock and sepsis (22) .
HIF-1α is the primary molecule responsible for transcriptional control of glycolytic metabolism (23) . Although stability of the HIF-1α protein is controlled by hypoxia and succinate, Hif-1α mRNA expression is tightly regulated by STAT3 (24) . This suggests the possibility that SOCS1 may act as an upstream mediator of STAT3-regulated HIF-1α activation, although this has not been shown. Further, although it is somewhat expected that SOCS1 can inhibit macrophage glycolysis and the production of proinflammatory cytokines, the specific regulatory steps involved in SOCS1-mediated regulation of glycolysis during sepsis are unknown.
Here, we investigated the role of SOCS1 in a mouse model of polymicrobial sepsis and found that this protein acts as an endogenous brake for glycolysis by inhibiting the transcriptional upregulation of glycolytic enzymes in macrophages. This, in turn, dampens the systemic inflammatory response, culminating in both reduced tissue damage and improved survival. Our data further suggest that an improved understanding of the activity of known pleiotropic molecular brakes during the overwhelming inflammatory response occurring during sepsis might provide clues to new therapeutic opportunities to control cytokine storm and organ damage resulting from this disease.
Results
Pharmacological inhibition of SOCS1 impairs recovery from CLP-induced sepsis. Although SOCS1 plays a significant role as an endogenous brake on endotoxin-mediated cytokine production in vivo, the specific role of SOCS1 in bacterial sepsis remains to be determined. Therefore, we initially determined whether Socs1 mRNA expression is altered during sepsis in both humans and mice. Our data show increased Socs1 mRNA expression in blood leukocytes from pediatric septic patients in comparison to normal controls. Likewise, peritoneal cells from mice with polymicrobial sepsis induced by cecal ligation and puncture (CLP) also showed increased Socs1 mRNA expression, as compared with cells from sham-operated mice ( Figure 1, A and B) .
We next determined the ability of our KIR inhibitor peptide (iKIR) to inhibit SOCS1 activity by measuring STAT1 phosphorylation in macrophages pretreated with iKIR prior to challenge with methicillin-resistant Staphylococcus aureus (MRSA). We observed increased STAT1 activation in macrophages treated with iKIR, as compared to macrophages treated with control peptide. From these data, we conclude that iKIR blocks SOCS1 activity and increases STAT1 phosphorylation in vitro (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.92530DS1). To determine whether SOCS1 inhibits the inflammatory response and reduces mortality during sepsis, we treated mice with iKIR and evaluated survival after CLP surgery. We found that iKIR-treated septic mice showed increased mortality ( Figure 1C ) and an elevated bacterial burden in both the blood and peritoneal cavity (Figure 1 , D and E) in comparison to septic mice treated with control peptide. These effects on Figure 1 . Inhibition of SOCS1 increases bacterial burden and organ damage during sepsis. (A) SOCS1 mRNA expression levels in the blood of septic pediatric patients and normal controls, as determined by qPCR (septic shock, n = 180 and normal controls, n = 52); ANOVA, and corrections for multiple comparisons were performed using a Benjamini-Hochberg false discovery rate of 5%. (B) Socs1 mRNA expression levels in C57BL/6 mouse peritoneal cells 18 hours after cecal ligation and puncture-induced (CLP-induced) sepsis, as determined by qPCR (n = 8 mice/group, t test, Mann-Whitney U test); *P < 0.05 vs. sham-operated mice or normal controls. (C) Survival rates for C57BL/6 mice treated with inhibitor of the kinase inhibitory region (iKIR) or scrambled peptide control prior to receiving moderate CLP. Survival was monitored for 9 days (n = 10 mice/group, log-rank [Mantel-Cox] test). Bacterial burden in the (D) blood and (E) peritoneal cavity (PC) was determined 18 hours after CLP (n = 4-5 mice/group, unpaired t test, Mann-Whitney U test Δmyel and Socs1 fl septic mice, 18 hours after CLP surgery (n = 7-9 mice/group, t test, Mann-Whitney U test). (H) Bioluminescent methicillin-resistant Staphylococcus aureus (MRSA) load was determined using the in vivo animal imaging (IVIS) detection system in the peritoneal cavity of mice treated with iKIR at 24 hours and 1 hour before infection. (I) Representative diffuse light imaging tomography (DLIT) MRSA CT overlay of mice treated with iKIR or peptide control and infected with bioluminescent MRSA for 24 hours (n = 5-6 mice/group, unpaired t test). (J) Bioluminescent MRSA infection in the kidney 24 hours after infection. (K) Representative DLIT MRSA CT overlays from the kidneys of mice treated with iKIR or peptide control and infected with bioluminescent MRSA for 24 hours (n = 5-6 mice/group, t test, Mann-Whitney U test). Scatter plot shows individual values, mean, and SEM; *P < 0.05, septic vs. control or naive group. Downloaded from http://insight.jci.org on July 10, 2017. https://doi.org/10.1172/jci.insight.92530 mortality and bacterial load were accompanied by increased liver, kidney, and cardiac damage, as shown by enhanced production of aspartate transaminase, urea, and creatine kinase-MB (CK-MB), respectively (Supplemental Figure 2 , A-C). To determine whether this increased bacterial load mediates organ injury, we administered antibiotic (ertapenem) to iKIR-treated mice 6 hours after the induction of sepsis and then twice a day for 3 days. Our results show that although antibiotic treatment greatly restored survival in septic mice treated with the scrambled peptide control, iKIR + antibiotic-treated mice showed decreased survival, indicating that SOCS1 blockage drives inflammation-mediated organ damage and mortality in septic mice (Supplemental Figure 3) . Together these results show that pharmacological inhibition of SOCS1 increases organ damage during sepsis and suggest this could be responsible for the enhanced lethality that is observed in these animals. Role of myeloid-specific SOCS1 during polymicrobial sepsis. Macrophages and neutrophils are essential for mounting an appropriate immune response and for the early control of invading pathogens during sepsis (25) . Here, we observed that iKIR-treated septic mice exhibited decreased numbers and frequency of neutrophils in the peritoneal cavity (Supplemental Figure 4, A Δmyel and Socs1 fl mice were then challenged with MRSA, and STAT1 phosphorylation was determined, in order to confirm the macrophage-specific Socs1 deletion. Indeed, we found that macrophages from Socs1
Δmyel mice were hyperresponsive to MRSA, as evidenced by higher levels of STAT1 phosphorylation in these animals, as compared with littermate control Socs1 fl mice (Supplemental Figure 1B) . SOCS1 deletion was further confirmed by the presence of human CD4 (hCD4) in macrophages from Socs1
Δmyel mice ( Figure 1F , inset). When either female or male Socs1
Δmyel mice were subjected to CLP, we also observed increased mortality and a substantial increase in bacteremia in comparison to septic WT littermates (Figure 1, F and G) . Collectively, these results further suggest that in myeloid cells, SOCS1 acts as an endogenous brake that improves animal survival by limiting organ damage, and possibly enhancing bacterial clearance during polymicrobial sepsis.
SOCS1 prevents methicillin-resistant S. aureus-induced sepsis. Although CLP is the gold standard animal model for sepsis, it is characterized by an intense acute inflammatory response, and because of the polymicrobial nature of the infection, the immune response could be unique to this model. Therefore, we determined whether blocking SOCS1 will also influence the outcome of sepsis induced by MRSA, a common cause of this condition (26) (27) (28) (29) . We observed that mice pretreated with iKIR, followed by MRSA-induced peritonitis with bioluminescent S. aureus, exhibited increased bacterial dissemination 24 hours after infection, as compared with controls ( Figure 1 , H and I). Because we observed higher bioluminescent signal in the area of the kidney, we removed the kidneys from iKIR-treated and control mice and imaged the isolated organs. We found that kidneys from mice treated with iKIR, but not the control peptide, showed robust bioluminescence in the kidney, indicating the presence of MRSA ( Figure 1 , J and K). These data indicate that SOCS1 exhibits protective effects in different models of bacterial sepsis.
Increased inflammatory response in iKIR-treated animals. To determine whether SOCS1 inhibits a systemic inflammatory response during sepsis, we measured two cytokines, IL-6 and TNF-α, which are associated with inflammation-related organ damage, in serum from iKIR-treated and control septic mice. We found that . Several studies have shown that the physiopathology observed in SOCS1-knockout mice depends on IFN-γ production (30) (31) (32) . Additionally, IFN-γ plays a detrimental role in polymicrobial sepsis (33) . Therefore, we evaluated whether pharmacological inhibition of SOCS1 would lead to elevated levels of IFN-γ. Our data show that although CLP did not induce high levels of IFN-γ in mice treated with the scrambled peptide control, iKIR treatment significantly increased IFN-γ production in the peritoneal cavity, but not in the blood, of septic mice (Supplemental Figure 5) . Collectively, these results show that SOCS1 acts to downregulate a cytokine associated with systemic inflammation during polymicrobial sepsis. SOCS1 prevents sepsis-induced lung injury. Systemic infection resulting from bacterial sepsis can affect a number of organs, including the lung (34) . We therefore hypothesized that SOCS1 inhibition during sepsis may promote lung damage. To test this, we first measured levels of Socs1 mRNA in lung homogenates and observed increased expression at 18 hours after CLP ( Figure 3A ). We next inhibited SOCS1 by pretreating with iKIR prior to CLP and found that three common measurements of pulmonary inflammation -alveolar edema, capillary congestion, and neutrophil recruitment (as determined by myeloperoxidase [MPO] activity, a biochemical marker of neutrophil infiltration; refs. 35-38) -were increased in iKIR-treated septic mice, as compared with control septic mice ( Figure 3 , B-D). Myeloid-specific SOCS1 deletion also resulted in increased neutrophil migration to the lung and enhanced pulmonary inflammation, as evidenced from immunohistological analysis of tissues with an anti-Ly6G antibody, in septic mice ( Figure 3 , D and E). We further observed increased production of the neutrophil chemokine KC and production of IL-6 in iKIR-treated septic mice (Figure 3 , F and G). These data show that SOCS1 can protect septic mice from lung injury and inflammation induced during sepsis.
SOCS1 targets STAT3 to prevent an overwhelming immune response during sepsis. SOCS1 is known to inhibit STAT1 and STAT3 activation (7). However, phospho-STAT1 was not detected in septic mice 18 hours after CLP surgery (data not shown). Based on this, we speculated that SOCS1 negatively regulates STAT3, increasing the anti-inflammatory milieu and improving animal survival and host defense. Initially, we observed that both pharmacologic and genetic SOCS1 inhibition in septic mice increased Stat3 expression in peritoneal cells relative to that in septic control mice ( Figure 4, A and B) . Enhanced Stat3 expression was also observed in the lung of iKIR-treated septic mice (data not shown). Additionally, we found enhanced STAT3 phosphorylation in lung tissue from iKIR-treated septic mice, as compared with control peptide-treated septic mice ( Figure 4C ). To determine whether STAT3 activation drives increased lethality in SOCS1-deficient mice, we further treated iKIR-treated mice with a STAT3 inhibitor (STATTIC) (39) at 1 hour and 24 hours following the onset of sepsis. We observed that inhibition of STAT3 activation attenuated mortality and reduced bacterial burden in the peritoneal cavity of iKIR-treated septic mice in comparison to controls not given the STAT3 inhibitor ( Figure 4 , D and E). Collectively, these results suggest that SOCS1 exhibits a protective effect in sepsis by decreasing bacterial burden and lethality in septic mice, which is likely mediated through inhibition of excessive STAT3 activation and reduced proinflammatory cytokine production.
SOCS1 inhibits glycolysis-associated gene expression in septic mice. STAT3 is known to drive HIF-1α promoter activation and expression (24) , and in turn, HIF-1α promotes expression of enzymes involved in glycolysis during Th17 differentiation (23) . We found that animals treated with iKIR prior to the onset of sepsis showed higher levels of Hif-1α mRNA expression than mice treated with the peptide control (Figure 5A ). This increased Hif-1α mRNA in iKIR-treated septic mice was accompanied by elevated mRNA expression of Glut1 (glucose transporter 1), which increases glucose uptake (40) , and of Ldha (lactate dehydrogenase A) ( Figure 5B), which enhances lactate production (41) ( Figure 5C ). An enhanced Δmyel septic mice (B). A: n = 3 mice/group, 1-way ANOVA followed by Bonferroni correction; B: n = 9-10 mice/group, t test. (C) Top: Lung cells were harvested 18 hours after induction of sepsis in mice treated with iKIR or control peptide and subjected to immunoblotting for determination of total STAT3 and phosphorylated STAT3 (Tyr705) expression. Bottom: Histogram showing mean densitometric analysis of immunoblots (n = 3-4 mice/group, 1-way ANOVA followed by Bonferroni correction). (D) Survival rates of iKIR-treated septic mice that were treated (or not) with STATTIC at 24 hours and 1 hour before cecal ligation and puncture (CLP) and once daily for 3 days after CLP (n = 7-8 mice/group, log-rank [Mantel-Cox] test). (E) Bacterial load in mice treated as in D. CFU determined 18 hours after CLP (n = 3-4 mice/group, 1-way ANOVA followed by Bonferroni correction). Scatter plot shows individual values, mean, and SEM. *P < 0.05, control septic mice vs. naive, Socs1
Δmyel septic mice vs. Socs1 fl ; # P < 0.05, iKIR-treated septic mice vs. naive; % P < 0.05, STATTIC-and iKIR-treated septic mice vs. iKIR-treated septic mice; Figure 5 . SOCS1 amplifies HIF-1α-mediated glycolysis during sepsis. Septic mice treated with inhibitor of the kinase inhibitory region (iKIR) or control peptide were sacrificed 18 hours after cecal ligation and puncture (CLP), and mRNA expression levels of (A) Hif-1α (n = 3 mice/group, 1-way ANO-VA followed by Bonferroni correction) or (B) Glut1 and Ldha were quantified in peritoneal cells by qPCR (n = 3-7 mice/group, 1-way ANOVA followed by Bonferroni correction). (C) Lactate levels in peritoneal exudate (n = 3-7 mice/group, 1-way ANOVA followed by Bonferroni). (D) Hk1 mRNA expression as determined by qPCR in peritoneal cells from mice treated as in A (n = 4-6 mice/group, t test, Mann-Whitney U test). (E) Lung cells were harvested 18 hours after CLP in mice treated with iKIR or control peptide and subjected to immunoblotting for determination of hexokinase expression. Numbers: Mean densitometric analysis of the bands from immunoblots (n = 3-4 mice/group, 1-way ANOVA followed by Bonferroni correction). Expression of (F) Hif-1α, (G) Glut1, and Ldha mRNA transcripts was determined by qPCR in peritoneal cells from Socs1
Δmyel or Socs1 fl septic mice. F: n = 4-7 mice/ group, t test, Mann-Whitney U test. G: Glut1: n = 6-9 mice/group, t test, Mann-Whitney U test. Ldha: n = 4-13 mice/group, t test, Mann-Whitney U test. (H and I) Peritoneal macrophages from Socs1
Δmyel or Socs1 fl were stimulated with 100 ng/ml LPS for 24 hours, and ChIP assays were performed using anti-STAT3 (H), anti-HIF-1α (I), or isotype control IgG antibodies. Pulled-down DNA was subjected to qPCR amplification using specific primers against the promoter for Hif-1α (H) or Hk1 (I). H and I: n = 3 mice/group, 1-way ANOVA followed by Bonferroni correction. Scatter plot shows individual values, mean, and SEM. *P < 0. expression of glycolysis-associated genes was also observed in the lung of iKIR-treated septic mice (data not shown). Lactate is the final product of glycolysis, and lactate production can be used as an indicator of increased glycolytic flux (18, 22) . Consistent with our mRNA expression data, we observed increased accumulation of lactate in the peritoneal cavity of iKIR-treated septic mice ( Figure 5C ). Hexokinase 1 (Hk1) is a key enzyme in glycolysis; this protein phosphorylates glucose, enabling it to be metabolized through the glycolytic pathway (42) . We found that iKIR-treated septic mice exhibited increased Hk1 mRNA and protein expression ( Figure 5 , D and E). Further, elevated expression of glycolytic genes was also observed in septic Socs1 Δmyel mice, relative to septic Socs1 fl littermate controls (Figure 5 , F and G). Collectively, these results indicate that SOCS1 functions to inhibit metabolic reprogramming during sepsis.
STAT3-induced Hif-1α expression in LPS-challenged Socs1
Δmyel macrophages. To gain further insight into whether SOCS1 negatively regulates STAT3 binding to the Hif1α promoter and HIF-1α binding to the Hk1 promoter, we carried out a ChIP assay. We found that STAT3 binding to the Hif-1α promoter was increased in LPS-stimulated Socs1
Δmyel macrophages in comparison to LPS-stimulated Socs1 fl control macrophages ( Figure 5H ). We also found that HIF-1α binding to the Hk1 promoter was increased in LPS-stimulated Socs1
Δmyel macrophages in comparison to LPS-stimulated Socs1 fl littermate control macrophages ( Figure 5I ). Together these results indicate that SOCS1 prevents macrophage metabolic reprograming by blocking the STAT3/HIF-1α axis during sepsis.
SOCS1 inhibits glycolysis to prevent an exacerbated proinflammatory response. LPS induces metabolic reprograming, which results in a switch from oxidative phosphorylation to aerobic glycolysis in macrophages and dendritic cells (18) . To determine whether aberrant glycolysis is an important cause of enhanced mortality Figure 6 . Increased glycolysis is responsible for iKIR-mediated animal mortality during sepsis. Mice were treated with the competitive hexokinase inhibitor 2-deoxyglucose (2-DG; 0.5 g/kg, i.p.) daily for 4 days and 1 hour before cecal ligation and puncture (CLP). The animals were also treated with iKIR (inhibitor of the kinase inhibitory region), 24 hours and 1 hour before surgery. (A) Lactate levels in peritoneal exudate (n = 5-7 mice/group, 1-way ANOVA followed by Bonferroni correction). (B) Bacterial loads were determined in blood and peritoneal exudate 18 hours after CLP (n = 4-9 mice/group, 1-way ANOVA followed by Bonferroni correction). Levels of IL-1β (C) and TNF-α (D) were quantified in peritoneal exudate (n = 4-5 mice/group, 1-way ANOVA followed by Bonferroni correction). Scatter plot shows individual values, mean, and SEM. *P < 0.05, control-treated septic mice vs. naive; in SOCS1-deficient animals, we treated mice with the competitive hexokinase inhibitor 2-deoxyglucose (2-DG) once a day for 4 days and 1 hour before CLP. The animals also received iKIR or control peptide 24 hours and 1 hour before CLP. We found that lactate production was decreased following 2-DG administration in iKIR-treated septic mice compared with control septic mice treated only with iKIR ( Figure  6A ). Administration of 2-DG to iKIR-treated septic mice also restored resistance to sepsis, as evidenced by reduced bacterial burden in the blood and peritoneal cavity, and decreased levels of IL-1β production, as compared with control septic mice treated only with iKIR ( Figure 6 , B and C); however, no changes in TNF-α levels were observed ( Figure 6D ). Collectively, these results indicate that, during sepsis, SOCS1 blocks activation of the STAT3/HIF-1α axis and the glycolysis pathway, effectively reducing the proinflammatory response and potentially preventing sepsis-associated organ damage.
Discussion
Activation of pathogen recognition receptors triggers sequential events that drive production of inflammatory mediators (e.g., TNF-α, IL-6, IL-1β, KC, and MIP-2), as well the as the synthesis of microbicidal molecules, such as proteins and lipids involved in the generation of reactive oxygen species and reactive nitrogen species (RNS) (2, 43) . Although the inflammatory response is required to control infection, when left unchecked, it can be harmful, driving tissue damage, organ failure, and death (43) (44) (45) . During sepsis, the initial inflammatory events are important determinants of the outcome of disease. Therefore, identifying molecular brakes that can act to dial down the inflammatory response could provide critical therapeutic targets for preventing organ damage and morbidities associated with sepsis.
SOCS1 is a pleiotropic inhibitor of the inflammatory response, and can prevent activation of pathogen recognition receptors, cytokine receptors, and growth factors (15) (16) (17) (46) (47) (48) . SOCS1 is known to act at different steps in the TLR pathway, and SOCS1-deficient mice are hypersensitive to endotoxemia (16, 17) . Indeed, SOCS1 deficiency in myeloid cells leads to higher production of proinflammatory cytokines during IFN-γ stimulation (49) . However, the possible role of SOCS1 as a relevant negative regulator involved in systemic infection is relatively understudied. Here, we found that (a) SOCS1 expression is increased in peritoneal cells of septic humans and mice; (b) blockage of the KIR domain before onset of sepsis increases animal mortality, bacterial load, and serum cytokine levels; (c) SOCS1 expression in myeloid cells leads to impaired bacterial clearance and exaggerated cytokine production during sepsis; (d) SOCS1 targets STAT3, but not STAT1, to reduce animal mortality and bacterial load; (e) SOCS1 induces metabolic reprograming via the STAT3/HIF-1α-mediated expression of genes involved in glycolysis; and (f) SOCS-mediated inhibition of glycolysis reverses the increased bacterial loads and enhanced inflammatory cytokine production observed in iKIR-treated septic mice. Thus, our results provide insights into the mechanisms whereby SOCS1 inhibits the inflammatory response and improves bacterial clearance and host survival in two models of bacterial sepsis.
The role of SOCS1 in the control of the proinflammatory response and its potential therapeutic value has been demonstrated for various inflammatory diseases (50, 51) . Specifically, treatment with SOCS1 mimetic peptides, analogous to KIR, or a tyrosine kinase inhibitor peptide (Tkip) protects mice from developing murine encephalomyelitis and from the increased inflammatory response observed in keratinocytes stimulated with LPS (52) (53) (54) . These results illustrate the potential for developing strategies based on SOCS1 in therapeutics targeting the pathogenesis of inflammatory disease.
Previous studies have shown that SOCS1 deficiency increases susceptibility of mice to endotoxic shock (16, 17) . For example, Chung et al. demonstrated that whole-body SOCS1-heterozygous-knockout mice are more susceptible to polymicrobial sepsis, as compared with WT mice (55) . However, these authors did not observe any change in SOCS1 expression in blood cells, peritoneal leukocytes, lung, or spleen (55) . In contrast, we found increased expression of SOCS1 in both peritoneal and lung cells from septic mice. We speculate that these conflicting results could be due to differences in sepsis severity and/or the time points studied. Indeed, alterations in SOCS1 expression have been associated with disease severity for several inflammatory disorders (48, (56) (57) (58) . To further determine whether SOCS1 expression is increased in patients with sepsis, we employed transcriptomic analysis and found elevated levels of SOCS1 in peripheral blood cells from septic pediatric patients as compared with healthy subjects. However, more studies are necessary to determine whether differences in SOCS1 expression correlate with severity of sepsis.
To investigate whether endogenously produced SOCS1 limits the inflammatory response and improves animal survival during sepsis, we employed two different approaches: (a) we pretreated mice with a peptide Downloaded from http://insight.jci.org on July 10, 2017. https://doi.org/10.1172/jci.insight.92530 that block the KIR domain of the SOCS1 protein and (b) utilized mutant mice containing myeloid cells deficient for SOCS1. In both instances, loss of SOCS1 drives an exaggerated inflammatory response, poor host defense, and organ injury. Structurally, SOCS1 is composed of three main domains: KIR, SH2, and SOCS box (6, 11) . Although here we studied the role of KIR domain in the pathogenesis of sepsis, the role of the other SOCS1 domains remains to be determined (53, 54) . We focused our present efforts on deciphering the role of the KIR domain because it has been implicated in the pathogenesis of other inflammatory diseases (6) . Further, previous studies have shown that SOCS1-KIR inhibition is sufficient to limit both STAT3 and STAT1 activation and to inhibit production of proinflammatory cytokines (6) . Critically, we found that both pharmacologic blockage of the KIR domain or SOCS1 deletion in myeloid cells drives an aberrant systemic inflammatory response (higher IL-6 and TNF-α) and, as noted previously, increased levels of nitric oxide (data not shown) in septic mice, as compared with control septic animals. This exaggerated cytokine production is accompanied by a deficiency in bacterial clearance and increased organ damage (kidney, heart, liver, and lung). To elucidate whether the increased lethality observed in iKIR-treated mice was due to aberrant inflammation or excessive bacterial growth, we treated iKIR-challenged mice with antibiotic (ertapenem) every 12 hours for 3 days, and animal survival was determined over time. We observed that although antibiotic treatment increases animal survival in mice treated with scrambled control peptide, antibiotic did not improve survival in iKIR-treated mice (Supplemental Figure 3) . These data suggest that cytokine-mediated organ damage drives animal mortality in the absence of SOCS1.
We, and others, have shown that neutrophil recruitment to the peritoneal cavity is essential to control infection (51, 59, 60) . Here, we found that although iKIR treatment inhibits neutrophil recruitment to the site of infection, neutrophil accumulation could be detected in the lungs, indicating increased pulmonary inflammation. The mechanisms involved in this SOCS1-mediated differential neutrophil recruitment to the site of infection and lung will be investigated in the near future. In addition, we plan to determine whether SOCS1 modulates antimicrobial effector functions in phagocytes. Both STAT1 and STAT3 are activated by LPS to induce cytokine production (13, 61, 62) . While STAT1 plays a deleterious role in polymicrobial sepsis, deletion of STAT3 in myeloid cells leads to higher mortality in polymicrobial sepsis, and loss of STAT3 is associated with enhanced systemic cytokine production and organ damage (63) . Here, our data show that in the absence of SOCS1, STAT3, but not STAT1, is highly activated via phosphorylation. Further, treatment of mice with a STAT3 blocking peptide, STATTIC (39, 64, 65) , reduces both mortality and bacterial burden in iKIR-treated septic mice. STAT3 is activated by IL-6 (66) . Given that we observe increased STAT3 and IL-6 during sepsis in SOCS1-deficient mice, it remains to be determined whether increased IL-6 production is responsible for STAT3 activation, or whether STAT3 activation is the driver of IL-6 production in this model. STAT3 is known to be involved in expression of HIF-1α, a master regulator of key glycolytic enzymes (24, 41, 67) . Glycolysis is an essential pathway for immune cell function; it is required for the production of proinflammatory cytokines, phagocytosis, proliferation, and activation during infection (67, 68) . Immune cells are particularly influenced by aberrant glycolysis, which can drive exaggerated proinflammatory cytokine production, macrophage polarization, and inflammasome activation (21, (69) (70) (71) . Increased glycolysis is also associated with different pathogenic conditions, such as encephalomyelitis, arthritis, and diabetes (19, 21, 24) . TLR4 is the most highly studied immune receptor involved in metabolic reprograming in macrophages and dendritic cells. TLR4 activation enables cells to generate ATP that is required for different effector functions, including phagocytosis, bacterial killing, production of inflammatory cytokines, and antigen presentation (19, 72) . In macrophages, the protein PKM2 mediates enhanced glycolysis by interacting with HIF-1α and inducing expression of glycolytic enzymes, such as HK-2, LDHA, and pyruvate dehydrogenase kinase 1 (PDK-1), which, in turn, are regulated by HIF-1α (22) . It is uncertain, however, how these glycolytic enzymes activate cytokine production. A recent study revealed that HK1, another glycolytic enzyme, activates the NLPR3 inflammasome to promote IL-1β processing (71) . This enzyme is also an intracellular receptor that recognizes endogenous PAMPs during infection (70) . Given that SOCS1 negatively regulates transcriptional programs involved in HIF-1α-induced HK1 expression in macrophages, it seems likely that SOCS1 also negatively regulates HK1 signaling during PAMP recognition. Furthermore, while we focused our work on transcriptional changes associated with lack of SOCS1, we could not rule out possible effects of SOCS1 on enzyme activity, given that SOCS1 can inhibit the activation in different enzymes, such as IKK and Src kinases (73) (74) (75) . Therefore, SOCS1 could also directly interfere with different components of the glycolytic pathway. However, the possibility of such effects will be addressed in the near future.
Glycolysis is a well-ordered event, and regulators that control the expression and/or activation of glycolytic enzymes would provide attractive targets to control inflammatory diseases and the development of systemic inflammatory responses. Consistent with this, Yang et al. showed that pharmacological inhibition of PKM2 renders mice more resistant to lethal sepsis. This enhanced resistance was associated with reductions in both glycolysis and IL-1β production (22, 76) . These data, combined with our observations here, suggest that targeting aerobic glycolysis might represent a viable therapeutic strategy for treatment of inflammatory diseases. Indeed, we found that SOCS1 blockage increases expression of enzymes involved in metabolic reprograming, resulting in increased glycolysis, and that prevention of HK activation (by treating mice with 2-DG) restores bacterial clearance and cytokine production in Socs1
Δmyel septic mice. In addition to SOCS1, other negative regulators of metabolic reprogramming that are important for controlling inflammatory disease have been described. The orphan nuclear receptor ERR-α is both a regulator of energy metabolism and a negative regulator of inflammation (77) . The question of whether SOCS1 associates with ERR-α and/or other inhibitors of glycolysis, however, remains to be determined.
In summary, our results identify SOCS1 as a regulator of glycolysis metabolism during polymicrobial sepsis and further reveal the mechanisms by which SOCS1 prevents an exacerbated proinflammatory response. This SOCS1-mediated regulatory program prevents excessive damage to the host and death. Our findings further suggest that targeting components in this pathway might provide a potential therapeutic strategy for the treatment of systemic inflammatory response syndrome.
Methods
Mice. WT C57BL/6 mice were obtained from the Jackson Laboratory. C57BL/6 Socs1 fl mice were obtained from Warren Alexander (Walter and Eliza Hall Institute, Parkville, Victoria, Australia) (78) , and these were mated with C57BL/6 LysM cre/cre mice from the Jackson Laboratory and maintained at either the Laboratory Animal Resource Center (LARC), Indiana University School of Medicine, or the Division of Animal Care (DAC), Vanderbilt University Medical Center. Mice were genotyped before each experiment for detection of hCD4 as a reporter for cre-mediated recombination, as previously described (78) . Mice carrying the SOCS1 deletion specifically in myeloid cells were denoted Socs1
Δmyel
.
Socs1
Δmyel and Socs1 fl mice were crossed for at least 7-10 generations in our facility.
Sepsis induction. Sepsis was induced by CLP, as previously described (79), using a 21 gauge needle to induce moderate sepsis. After CLP, mice were not given pain medicine (NSAIDs) before or after sepsis because this class of drugs is known to increase SOCS1 expression and therefore could skew our findings. Mice were given 1 ml s.c. buffered saline as fluid resuscitation therapy. The survival of the animals was evaluated 6 hours after CLP and twice per day, every day, during the 9 days after surgery. All procedures described here were approved by both the Vanderbilt University Medical Center and Indiana University School of Medicine, and when septic mice were in distress (abnormal posture or movement, weight loss, ocular discharge, ataxia, tremor, hypothermia, and cyanosis) for more than 48 hours, they were euthanized according to guidelines established by the IACUC at Vanderbilt University Medical Center and Indiana University School of Medicine. Peritoneal lavage was performed, and blood and lung were harvested 18 hours after surgery to measure cytokines, gene expression, and bacterial burden in septic mice.
Transcriptomic data. Socs1 mRNA expression data were extracted from an existing microarray-based transcriptomic database, and the data have been deposited in the NCBI's Gene Expression Omnibus (GEO GSE66099). Briefly, the samples were obtained from children with septic shock (n = 180) and normal controls (n = 52), and the RNA transcripts used for microarray analyses were derived from whole blood obtained within the first 24 hours of meeting criteria for septic shock.
Peptides and treatments. The iKIR (DTHFRTFRSHSDYRR) and scrambled-iKIR control peptides (DTHFARTFARSHSDYRRI) were obtained from GenScript. A lipophilic palmitoyl group was added to the N-terminus for cell penetration (80) . Peptides were dissolved in ultrapure water and then in PBS prior to use in vivo. Mice were treated with 50 μg of either the iKIR peptide or the scrambled-iKIR control (53) 24 hours and 1 hour before CLP via i.p. injection.
Mice were treated with STATTIC, a well-known inhibitor of STAT3 activation, 24 hours and 1 hour before CLP and once per day over the following 3 days (10 mg/kg, i.p.) (39, 65) . The competitive hexokinase inhibitor 2-DG was diluted in PBS and administered via i.p. injection (0.5 g/kg) daily for 4 days and 1 hour before CLP.
Peritonitis caused by methicillin-resistant Staphylococcus aureus (MRSA) and in vivo animal imaging (IVIS).
C57BL/6 mice were treated with iKIR 24 hours and 1 hour before bacterial infection. Bioluminescent MRSA (81) was then administered via i.p. injection (2 × 10 8 CFU) in 200 μl PBS, and 24 hours after infection, mice were induced with 4%-5% isoflurane (balance medical oxygen), transferred to an isothermal stage of the IVIS SpectrumCT (PerkinElmer), and maintained with 2%-3% isoflurane (balance medical oxygen). Planar (2D) bioluminescence images were collected with the following settings at each time point: 30-second integration; 24.4-mm field of view; no filtration; F stop 1; and binning factor 8. To permit diffuse light imaging tomography (DLIT) associated with bioluminescent emission, multispectral image series were collected with the following settings: 120-second integration; 13.1-mm field of view; no filtration; F stop 1; and binning factor 16 at 560, 580, 600, 620, and 640 nm. Immediately afterward, calibrated CT images were collected to permit surface and dense tissue modeling using the following parameters: 50-ms exposure; 720 projections; 1-mA tube current; 50-kVp tube voltage; 120-μm Cu filter; and binning factor 4, reconstructed using filtered back-projection methods, yielding a final isotropic resolution of 0.015 mm. In all cases, images were acquired, reconstructed, and fused using Living Image (v4.3.1.0.15890, PerkinElmer). For planar analysis, images were imported in to Living Image, the kidneys were segmented via semiautomated methods, and total photon flux (p/s) was quantified for all tissues. For DLIT/CT, images were imported to Analyze 12.0 (Analyze Direct) and segmented using threshold-based region growing, and lung volumes (V) were computed according to Equation 1:
Equation 1
where i is the volume of the "i'th" region; j, k, and l are the "j'th," "k'th," and "l'th" object map indexes, respectively; a is the total number of row voxels; b is the total number of column voxels; c is the total number of slices; 0 Map is object map; and μ is voxel dimension in millimeters.
Bacterial counts. Peritoneal lavage fluid and blood were collected from septic mice 18 hours after surgery, as previously described (79) . Serial dilutions were plated on Mueller-Hinton agar (Difco Laboratories), and plates were incubated for 18 hours at 37°C. For MRSA bacterial counts, peritoneal exudate was collected 24 hours after infection, and serial dilutions were plated on TSB agar. Colonies were counted after incubation overnight at 37°C. Results are expressed as log CFU/ml of blood or peritoneal exudate.
Microscopic determination of neutrophil migration during sepsis. C57BL/6 mice were treated with iKIR or scrambled peptide and then sacrificed 18 hours after CLP surgery. Cells present in peritoneal cavity were harvested with PBS/EDTA solution, and total cell numbers were quantified using a Neubauer chamber. For differential counting, cells were concentrated on centrifuge slides by cytospin (300 g for 7 minutes), and stained with Diff-Quik, according to the manufacturer instructions (Merz & Dade).
MPO assay. MPO activity in lung homogenates was determined 18 hours after CLP, as previously described (35) (36) (37) (38) 82) . Results are expressed as units of MPO activity per gram tissue.
Immunohistochemistry. For histological analysis, slides from 5 μm of paraffin-embedded lung sections were treated with 10% hydrogen peroxide in distilled water to block endogenous peroxidase activity. Slides were blocked with PBS containing 8% serum. Sections were then incubated with Ly6G antibody (clone 1A8; BD Biosciences), followed by peroxidase-conjugated secondary antibody, color development, and hematoxylin counterstaining. Negative staining controls were generated by omitting the primary antibody from this procedure.
Cytokine and nitrite quantification. Cytokine levels in blood and peritoneal exudate was measured by ELISA, according to the manufacturer's instructions (BioLegend or R&D Systems). Nitrite was determined using the Griess reaction, as described in ref. 13 .
Lactate activity assay. Lactate levels in peritoneal exudate were quantified using a Lactate Colorimetric Assay Kit (Biovision), according to the manufacturer instructions.
Biochemical parameters. Aspartate aminotransferase activity in serum from septic mice was determined in the Translation Core in the Center for Diabetes and Metabolic Disease at Indiana University School of Medicine. Renal dysfunction was evaluated by measuring serum levels of urea, and cardiac lesions were assessed by measuring levels of the isoenzyme CK-MB, according to the manufacturer instructions (Labtest).
Gene expression analysis. Cells from the peritoneal cavity and total lung were harvested, and RNA extraction was performed using TRIzol reagent, according to the manufacturer's instructions (Invitrogen). The RT 2 First Strand Kit reverse transcription system (QIAGEN) was used for cDNA synthesis, and quantitative PCR (qPCR) was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories). Relative gene expression was calculated using the comparative threshold cycle (C t ) and expressed relative to control or WT groups (ΔΔCt method). Primers for β-actin, Socs1, Stat3, Hif-1α, Glut-1, Ldha, Mct4, and Hk1 were purchased from Integrated DNA Technologies.
Immunoblotting. Western blotting was performed as previously described (83) . Membranes were incubated with the following primary antibodies: STAT3 (1:1,000; #9139, clone 124H6), phospho-STAT3 (Tyr705; 1:250; #9145, clone D3A7), STAT1 (#9172), phospho-STAT1 (Tyr701; 1:500; #9167, clone 58D6), HIF-1α (1:1,000; #14179, clone D2U3T), and HK1 (1:1,000; #2024, clone C35C4) (all from Cell Signaling Technology) or β-actin (1:20,000; # A5441, clone UC15, Sigma-Aldrich), and then washed and incubated with appropriate fluorophore-conjugated secondary antibodies (1:2,000, anti-rabbit IgG, HRPlinked antibody, #7074, from Cell Signaling Technology). Relative band intensities were quantified using ImageJ software (NIH), as previously described (13) .
Peritoneal macrophage cell culture. Macrophages from Socs1 Δmyel mice were induced by injection with 2 ml 3% thioglycollate, and these were harvested 4 days after injection, as previously described (84) . Macrophages were stimulated with 100 ng/ml LPS (Sigma-Aldrich), and 24 hours after stimulation, these were harvested for analysis by ChIP assay.
ChIP assay. ChIP assays were performed using a SimpleChIP Enzymatic Chromatin IP Kit (Magnetic Beads) according to the manufacturer's instructions (Cell Signaling Technology). Briefly, cells were fixed with formaldehyde and lysed; chromatin was then fragmented using micrococcal nuclease and sonicated (UP100H; Hielscher Ultrasonics) to obtain DNA fragments of approximately 150-900 bp. ChIP was performed using ChIP-validated antibodies to STAT3 (1:100; #9139) and HIF-1α (1:50; #14179) and ChIPgrade Protein G magnetic beads, all from Cell Signaling Technology. Chromatin was eluted from beads in elution buffer, according to the manufacturer's instructions. DNA was purified using spin columns, and the samples were then subjected to qPCR as described above using the following primers: Hk1, forward, 5′-TGAACTCTGACAGGCTGTGG-3′ and reverse, 5′-AAACTAGGCTTCACAGA-3, and Hif1α, forward, 5′-GAGACTTCCCTTGTTGTGTAG-3′ and reverse, 5′-CTTACTCCTTAGCTGCGTGGC-3′ (24) .
Histopathological examination. Lung sections from septic and non-septic mice treated with iKIR or the scrambled peptide control were prepared as previously described (79) , and sections (5 μm) were stained with H&E, as described previously (85) . Sections of stained lung were imaged using an Infinity 1 camera (Lumenera) attached to a Nikon Eclipse Ci microscope.
Statistics. Data were analyzed with StatSoft Inc. (2004) STATISTICA software, version 7. Data are expressed as mean ± SEM. Significance between two groups was estimated using the t test, 1-tailed for parametric data, and the Mann-Whitney U test for nonparametric data. Experiments with 3 or more groups were analyzed using 1-way ANOVA and corrected using the Bonferroni multiple comparison test and the Kruskal-Wallis test for nonparametric data. Survival curves are expressed as percent survival and were analyzed by a log-rank (Mantel-Cox) test; P < 0.05 was considered significant. The normalized transcriptomic data used from people with septic shock and healthy individuals were analyzed using GeneSpring GX 7.3 software (Agilent Technologies). All signal intensity-based data were used after robust multi-array average (RMA) normalization, which specifically suppresses all but the most significant variation among lower-intensity probe sets (86) . All chips representing septic shock samples were then normalized to the respective median values of controls on a per-gene basis. Differences in mRNA abundance between study groups were determined using ANOVA, and corrections for multiple comparisons were performed using a Benjamini-Hochberg false discovery rate of 5%.
Study approval. The animals were maintained in the Laboratory Animal Resource Center (LARC) at Indiana University School of Medicine (IUSM) (protocols 10500 and 10886) or at the Division of Animal Care (DAC) at Vanderbilt University Medical Center (protocol M1600154). In all cases, we adhered to specific guidelines for the use of experimental animals, as outlined in the Guide for the Care and Use of Laboratory Animals (National Academies Press, 2011). Details of the human study protocol were previously published, and the consent form for the human transcriptomic analysis allows for a secondary analysis of clinical and biological data (87) .
